Abstract. An experiment was undertaken to examine the effect of rapid pH fall at a high muscle temperature on meat and eating quality of two beef cuts (striploin and cube roll). From 115 beef steer carcasses of which the right side of each carcass was subjected to electrical stimulation, 25 carcasses which exhibited the largest difference in the rate of pH fall in the M. longissimus between sides were selected for subsequent sampling. All of the stimulated sides missed the 'ideal' pH/ temperature window (defined as temperature at pH 6 in the M. longissimus <35 C and >12 C) at the upper end, as did several of the non-stimulated sides. The mean temperature at pH 6 for stimulated sides from modelling was 40.9 versus 33.3 C for non-stimulated sides. Despite the significant effect of stimulation on pH decline there was no statistically significant impact on shear force or sensory traits of the M. longissimus, but there was a significant effect of aging on these traits. There was no effect of stimulation or pH decline on drip loss of the striploin. After 14 days of aging there was no effect of stimulation or ultimate pH on striploin purge, but there was a significant effect of pH decline. This was not, however, evident for purge of the cube roll aged for either 4 or 42 days. The redness of the cube rolls as reflected by a* values declined with days of display, with the decline more rapid for samples aged for 42 days compared with those aged for 4 days. For meat aged and displayed identically, the a* values were on average significantly lower for meat from non-stimulated carcasses, but apart from aging there was no effect on the wavelength ratio 630/580 nm, an indicator of the formation of metmyoglobin. There was also evidence that a rapid decline in pH increased the onset of lipid oxidation.
Introduction
When the Meat Standards Australia (MSA) beef grading system was established, one of the initial specifications was the concept of an ideal pH/temperature window during chilling. This was such that to 'hit' the window the pH had to be above 6 if the muscle temperature was above 35 C and below 6 if the muscle temperature was below 12 C (Thompson 2002 ). This target was based on the classical studies of Locker and Hagyard (1963) , which demonstrated that pre-rigor excised muscle would shorten more if exposed to high or low temperatures. In this case, minimum shortening occurred between 14 and 19 C and this is correlated with minimal toughness (Tornberg 1996) . Related to this, at elevated temperatures a condition classified as 'heat toughening', has been observed. Not only does this condition lead to increased toughening, but also reduced tenderisation (Devine et al. 1999) . Above 12À15 C, a contracture occurs at rigor and below this temperature a contracture occurs before rigor. It has also been shown in beef (Devine et al. 1999 ) that when shortening was prevented by tight wrapping and rigor mortis occurred at a range of temperatures from 15 to 35 C, that shear force was greater at the high rigor mortis temperatures. This difference was maintained with aging at 4 C (Devine et al. 1999) . These conditions of low pH and high temperature are known to denature the contractile proteins, which are more stable at rigor mortis (Offer 1991) . Such conditions, in conjunction with greater autolysis of calpains at high temperatures (Dransfield et al. 1992) would explain how aging enzymes are reduced in effectiveness so that both shear force increases and the aging potential is reduced.
Of interest is the finding by Hwang and Thompson (2001b) that the most tender beef after 14 days of aging was achieved when the temperature at pH 6.0 was 29À30 C under in situ conditions. This finding when contrasted with that of Devine et al. (1999) highlights that caution is needed when extrapolating from the in vitro (excised) to in situ states as the former commonly involves maintaining muscles at set temperatures during rigor development. So it seems there are differences in what might be considered the critical pH/temperature window. However, the work of Hwang and Thompson (2001b) suggested that the rate of pH decline had the greatest impact on eating quality. Given this and because there was evidence that a high proportion of carcasses from feedlot cattle exhibited a fast rate of pH decline (Hopkins et al. 2007; Warner et al. 2014b) it was considered important to verify the general validity of earlier work using the sensory testing regime developed for the MSA program. Therefore, the objective of this study was to examine the effect of rapid pH fall at a high muscle temperature on meat and eating quality of two beef cuts (striploin and cube roll). Electrical stimulation (-or +) was used to create differences in rates of pH decline within carcasses.
Materials and methods

Experimental design
A total of 115 beef steer carcasses were selected at a commercial abattoir from cattle that had been grain fed for 120 days as a lot. In order to avoid any interaction with stimulation, the post-slaughter immobiliser was turned off for all cattle in this study. At~30 min post-slaughter, the right side of each carcass was subjected to electrical stimulation (2-A peak, 2-ms pulse width, 15-Hz frequency) for 35 s using a medium voltage stimulation unit, before chiller entry. This stimulation system delivers constant current and variable voltage. Additionally on the unstimulated sides some of the subcutaneous fat was removed from over the M. longissimus thoracis et lumborum (LL) using a knife to further increase the rate of cooling. The decline in pH in the LL was measured using pH meters in both sides of each carcass at the site used by MSA between the 2nd and 5th lumbar vertebrae (Anon. 2006) . Meters with temperature compensation (WP-80, TPS Pty Ltd, Brisbane, Qld, Australia) and a polypropylene spear-type gel electrode (Ionode IJ 44) were calibrated at ambient temperature. The pH and temperature were measured as soon as the sides entered the chiller and then hourly for 4 h. From this dataset 25 carcasses (mean weight of 322 AE 26.8 kg ranging from 276 to 390 kg), which exhibited the largest difference in the rate of pH fall between sides were selected for subsequent sampling. This was based on linear interpolation of pH data over time.
Carcass measurement and processing
Carcasses were weighed hot. After chilling overnight at an air temperature of 0À1 C the fat depth at the 10th/11th rib site was measured with a ruler after quartering at this site (Anon. 2005) . Visually assessed meat colour of the LL was assessed using AUS-MEAT colour chips 1A (very pale) to 7 (very dark purple) (Anon. 2005) as was the texture (1 = firm to 7 = coarse) and firmness (1 = firm to 7 = soft). Subsequently the striploin and cube roll (Anon. 2005 ; AUS-MEAT product identification numbers 2140 and 2244) were removed from each carcass side with mean weights of 1366 AE 230 and 2978 AE 364 g, respectively. A cranial (9 cm) and a caudal (9 cm) section of the striploin were removed for sensory assessment and the epimysium was removed. One portion was frozen (À20 C) at Day 1 after being sliced into 2.5-cm steaks and the other portion was vacuum packed and aged for 14 days at 0À1 C after which it was sliced into 2.5-cm steaks and frozen. The allocation to aging days was randomised between positions. Samples (8 cm) used for shear force testing were taken from the medial section of the striploin and randomised between 1 and 14 days of aging.
Meat quality measures
The final pH of the LL (pHu) was measured on the medial section at 24 h post-mortem using a pH meter as previously described, calibrated at chiller temperature (0À2 C). Drip loss was determined on duplicate 80 g samples of striploin taken from the medial section at 24 h post-mortem. The samples were weighed and then suspended for 48 h in plastic bags at 4 C and reweighed again after the 48-h period. Shear force samples aged for 14 days were weighed before vacuum packing and then removed from the vacuum pack after the aging period, patted dry and weighed to determine purge. Purge was also determined for cube rolls by weighing them before vacuum packing and then removing them from the vacuum pack after 4 days, patting dry and reweighing. At this time the cube roll was cut in half and one-half was vacuum packed and aged for another 38 days after which purge was determined again.
Samples of LL were prepared into 100-g blocks for shear testing. These blocks were thawed overnight at 0À1 C and then cooked in a water bath in plastic bags at 70 C for 1h. The shear force samples were prepared to give five replicate samples of 1-cm 2 cross-sectional area. The force required to shear these was measured perpendicular to fibre orientation using a Lloyd texture analyser (Model LRX, Lloyd Instruments, Hampshire, UK) fitted with a vee-shaped cutting blade that sheared down through the samples. The cross head speed of the analyser was 300 mm/min.
After 4 or 42 days of aging, 2.5-cm-thick slices of cube roll (one per tray) were placed on foam trays and over-wrapped using polyvinylchloride film. Trays were maintained at a refrigerated temperature of 3À4 C for the evaluation of colour stability of meat under fluorescent light (1000 lux). The light was provided by NEC Biolux high grade tri phos BR-B meat display pink 58-W tubes (NEC Pty Ltd, Japan). Packs were placed into the display cabinet in randomised order. Data loggers (Escort Junior, Escort Data Logging Systems Ltd, Auckland, New Zealand) were placed in the display cabinet and temperature was recorded every 10 min. The average temperature of the display cabinet was 4.76
The surface colour of the meat was measured at 0, 0.5, 1, 2, 3, 4, 7 and 10 days using a HunterLab colour meter (Hunterlab Miniscan, TM XE Plus 45/0-S, model 4500S, with small viewing area, aperture size of 5 mm, Reston, VA, USA) with light source set at D65/10. The change in the colour of the meat surface during simulated retail display was calculated as the ratio of reflectance at 630/580 nm, which is an indicator of the ratio of oxymyoglobin to metmyoglobin as noted by others (MacDougall 1995) . Additionally visual colour scores were given to each slice on each measurement day by 2, 3, 4 or 5 (of 7) scorers using the following scoring system: 0 = pale, 1 = bright cherry red, 2 = red, 3 = slightly dark and 4 = dark. The lipid oxidation in the cube roll slices was assessed by the thiobarbituric acid reactive substances (TBARS) procedure (Witte et al. 1970 ) expressed in mg of malondialdehyde (MDA) per kg of muscle. Samples for TBARS analysis (30 g) were collected and frozen at 0, 1, 3 and 10 days of display.
Sensory measures
The steaks from the LL portions to be used for sensory testing after either 1 or 14 days of aging were kept frozen (À20 C) until testing. Sample preparation for consumer testing has been outlined by Watson et al. (2008) and was based on grill cooking steaks using a Silex clam grill. The cooking was controlled by a timer to produce a medium degree of doneness (internal temperature of~65 C). Each untrained consumer tested 10 samples and was asked to assess each steak for tenderness, juiciness, liking of flavour, and overall liking on a continuous 100-point scale from 0 to 100. The 10 tastings for each LL sample were averaged to give the final eating quality scores for the muscle. In addition each person was asked to score (rate) each sample as: awful, unsatisfactory, good every day (3 star), better than every day (4 star) or premium (5 star).
Statistical analyses
The trends in pH for carcass sides against temperature were modelled using an approach similar to that used in van de Ven et al. (2014) . The average pH trend with temperature within each stimulation treatment (-ES and +ES) were modelled as separate spline models. Then each carcass side was allowed to deviate from the average trend for its stimulation treatment group as the sum of a spline associated with the particular carcass and an independent spline associated with the particular side within the carcass. The model also included a random error component and was fitted using the package ASReml (VSN International, Hemel Hempstead, UK) under R (R Development Core Team 2010). The fitted model was used to estimate mean temperature at pH 12 (pH@Temp12) and mean temperature at pH 6 (Temp@pH6) for each side, and bootstrap methods (Efron and Tibshirani 1993) were used to estimate standard errors of these estimates. An analysis of pHu included stimulation as a fixed effect with carcass as a random effect.
The analyses of shear force, transformed on the log e scale, and the sensory traits were initially based on the following model with factor levels stimulation and aging, and the covariates pHu, Temp@pH6 and pH@Temp12 fitted as fixed effects and carcass and side within carcass (Carcass : Side) fitted as random effects;
Y denotes the dependent variable being analysed. Nonsignificant (P > 0.05) fixed effect terms were dropped from the model. The covariates Temp@pH6 and pH@Temp12 were included so that any effect of stimulation independent of the rate of pH decline could be detected.
To analyse the drip loss, purge and TBARS data, the following model was used, which included the pHu, Temp@pH6 and pH@Temp12 as covariates, with carcass as a random term;
A linear mixed model was used to analyse the instrumental colour data generated by display and included, as fixed effects, separate linear regressions on display time across the four combinations of stimulation · aging. Also included were possible smooth deviations from linearity for each stimulation · aging combination, with these deviations modelled using splines. Random effects included, in addition to random error, random regressions on display time for each carcass and separate random regressions on display time for each carcass · side. For visual colour scores, averaged over graders, the fixed effects were the same as for instrumental colour data. Random effects included random regressions on display time for each carcass; random regressions for each carcass · side, and discrete effects for display time which were allowed to interact with stimulation, aging and stimulation · aging, carcass and side. The random error variances were weighted according to the number of graders averaged to give the visual colour score. For both instrumental and visual colour data Temp@pH6, pH@Temp12 and pHu were also tested as covariates in the models. Subjective firmness scores were analysed using logistic regression, modelling the proportion of carcasses scoring 3, and including stimulation level as a fixed effect and carcass as a random effect in the model.
Results
There was a difference (P < 0.001) in fat depth at the rib site with unstimulated sides having a mean of 7.5 AE 0.96 mm and the stimulated sides having a mean of 11.4 AE 0.96 mm. This reflects the removal of subcutaneous fat in the former sides. A list of the traits measured and the mean values and range is given in Table 1 .
pH decline and ultimate pH
The fitted lines based on splines for pH versus temperature are shown in Fig. 1 and these indicate clearly the significant difference in the rate of pH fall achieved by the use of the experimental selection procedure. The 'ideal' pH/temperature 'window' based on MSA work is also shown as a solid line indicating that all of the stimulated sides missed the window as did several of the non-stimulated sides. The non-stimulated sides, which passed through the window, did so at the 'hot' end. The mean Temp@pH6 for stimulated sides was 40.9 versus 33.3 C for non-stimulated sides with a standard error of 0.14 and the corresponding pH@Temp12 values were 5.49 versus 5.57, respectively, with a standard error of 0.006. Stimulation had no significant effect (P = 0.32) on pHu, with means for stimulated and non-stimulated being 5.53 and 5.51, respectively, with a standard error of 0.013. It is worth noting that for carcasses not selected for the study from the 115 tested for pH decline the difference between sides (stimulated and non-stimulated) for Temp@pH6 based on linear interpolation was only on average 2.5 C, with means of 39 and 37 C, respectively.
Shear force and sensory traits
Despite the difference in the rate of pH decline (reflected as either Temp@pH6 or pH@Temp12) there was no impact on shear force or sensory traits (P > 0.05; Table 2 ), but there was an effect of aging (P < 0.001; Table 2 ) on these traits. Additionally pHu did not significantly impact on shear force or sensory traits. Thus means shown in Table 2 are not adjusted for the covariates Temp@pH6, pH@Temp12 or pHu.
Subjective traits
Appraisal of the distribution of meat colour or texture scores indicated no requirement for analysis with no apparent difference due to stimulation (Table 3 ). There was no effect (P > 0.05) of stimulation on the distribution of firmness scores.
Drip loss and purge
There was no effect (P > 0.05) of stimulation or pH decline on drip loss of the striploin, but there was an effect (P < 0.05) of pHu, such that as pHu increased the drip loss was reduced;
Drip lossð%Þ ¼ 22:7 ðAE10:0Þ À 3:8 AE 1:8 pHu
For purge of the striploin after 14 days of aging there was no effect of pHu, but there was a significant joint effect of level of stimulation, Temp@pH6 and pH@Temp12. For the data analysed, the prediction model for purge (%) for striploin after 14 days under no stimulation is; Purge ð%Þ ¼ 5:00 ðAE0:92Þ þ 2:00 ðAE0:68Þ · ðTemp@pH À 37Þ þ 104ðAE36Þ · ðpH@Temp12 À 5:5Þ
For samples from stimulated carcasses having the same pH@Temp12 and Temp@pH6, purge loss (%) for the striploin after 14 days of aging is estimated to be reduced by 5.79 AE 2.56. This model is clearly not intended to predict purge (%) for the striploin after 14 days in general, but it indicates at least for the observed data, that a faster rate of pH decline, corresponding to A Where 1A = pale red and 7 = very dark red; colour score 3 and below is acceptable and colour score is not acceptable. reduced values of Temp@pH6 and pH@Temp12, will lead to increased purge loss. The purge for the cube roll measured after 4 or 42 days of aging was not significantly influenced by any combination of level of stimulation, pHu, or rate of pH decline. The predicted means for each level of stimulation at the average values for pHu, pH@Temp12 and Temp@pH6 are given in Table 4 .
Colour stability and lipid oxidation
The redness of the cube rolls as reflected by a* values declined with days of display (P < 0.001), with the decline more rapid for samples aged for 42 days compared with those aged for 4 days (P < 0.001; Fig. 2 ). For meat aged and displayed identically, the a* values were on average significantly (P < 0.05) lower for meat from non-stimulated carcasses with the difference estimated to equal 0.44 (s.e. = 0.14) units.
On average the oxymyoglobin/metmyoglobin ratio (630/580 nm) declined for 4-day-aged samples over the display period 0-10 days (P < 0.001; Fig. 3 ). For 42-day-aged samples there was a decline over the display period 3-7 days and then an increase in the ratio value as display increased to 10 days. The 42-day-aged samples were not monitored over the period 0-3 days of display, due to an equipment failure, but there was a difference (P < 0.001) in the change in the ratio values over display time compared with samples aged for 4 days. There was no effect (P > 0.05) of stimulation or the covariates pH@Temp12 or Temp@pH6 on the ratio values.
Of the fixed effect terms, only days on display (P < 0.05), aging (P < 0.05) and stimulation (P < 0.001) effects were significant for visual colour scores. Plots of the predicted average colour scores for each stimulation · aging combination for display periods in the interval 0-10 days are given in Fig. 4 . None of the three covariates, Temp@pH6, pH@Temp12 or pHu, individually accounted for significant variation in results after fitting the above final model.
The extent of lipid oxidation as indicated by the level of MDA (mg/kg muscle) from the TBARS assay was not affected by either stimulation or pH@Temp12 after adjusting for pHu and Temp@pH6. However, pHu and pH@Temp6 jointly did have an effect (P < 0.05) in cube rolls aged for 4 days and then displayed for 3 days and this indicates that as Temp@pH6 decreases for a given pHu there is less formation of MDA and thus less lipid oxidation, with adjusted means for stimulated and non-stimulated meat being 1.5 AE 0.27 and 1.1 AE 0.27 MDA mg/kg muscle, respectively. By contrast there was no significant effect on MDA levels for cube rolls aged for 42 days and then displayed for 3 days with means for stimulated and non-stimulated meat being 2.0 AE 0.24 and 1.4 AE 0.24 MDA mg/kg muscle, respectively.
Discussion
Tenderness and eating quality
There was on average a 7 C difference in the Temp@pH6 between treatments, and the stimulated sides 'missed' the MSA temperature/pH window, but there was no adverse effect on shear force or eating quality. Based on the assertions by Thompson (2002) that 'hitting' the window was important this was an unexpected result. However, it is of interest that the MSA model for beef does not include measurement of pH decline as a predictive trait (Watson et al. 2008) , even though a temperature/ pH window is recommended. This is because there is not presently a suitable method for routinely measuring the pHtemperature fall in carcasses in a robust way. Hwang and Thompson (2001a) showed that pH decline had the largest effect on eating quality of the measured traits, but inclusion of other traits in the MSA model probably led to the exclusion of the importance of pH decline in terms of eating quality. Whether there is an effect beyond 14 days cannot be established from the current results. In fact, for shear force in the current experiment the rapid decline in pH actually meant that there was no significant further reduction from aging stimulated meat, whereas for non-stimulated meat there was a much larger response due to aging in line with expectations from previous work (Hwang et al. 2003 ).
In the current study electrical stimulation was used as the method to manipulate the rate of pH decline in relation to temperature as was the removal of subcutaneous fat from the non-stimulated sides. Based on these results and those for the carcasses not selected for intensive study it is apparent that the rate of pH decline would have been largely unacceptable according to the MSA temperature/pH window in the cattle studied. Similarly Warner et al. (2014b) showed that this abattoir has recorded~40% heat-toughening overall and for the class of cattle used in the current study, the incidence of heat-toughening could exceed 70%. Likewise without stimulation Hopkins et al. (2007) showed that the majority of heavier carcasses they measured had rates of pH decline that were too fast and that compliance with the MSA temperature/pH window was poor. In using stimulation to manipulate pH it is accepted that this may give rise to subtle differences to muscle structure (Rosenvold et al. 2008 ) that are not found in non-stimulated meat that also undergoes a rapid decline in pH. The impacts of stimulation have been extensively covered elsewhere (Hwang et al. 2003) and this is not the primary focus of the work reported here. It is worth noting however, that timing and type of stimulation will impact on the response in pH decline, enzyme activity and thus the effect on shear force (Pike et al. 1993; Hwang and Thompson 2001b) .
Given the results of previous studies that have examined the impact of elevated temperature on meat with a lower pH it may have been expected that stimulated meat in the current study would be more tender when un-aged (Thomson et al. 2008; Kim et al. 2012; Warner et al. 2014a) . Additionally with aging the meat could have been expected to not tenderise to the same extent as meat that had experienced a slower rate of rigor onset (Thomson et al. 2008; Kim et al. 2012; Warner et al. 2014a) . However, two of these previous studies were undertaken with excised meat that had been held at set pre-rigor temperatures (37 and 38 C, respectively), until rigor was attained (pH 5.6 and 5.55, respectively). This created a very different pre-rigor environment in which the temperature profile of the LL would be very different to that in the carcass. There is an obvious interplay between temperature, pH and enzyme activity and if the conditions allow early activation of the calpains before denaturation then there will be a commensurate improvement in tenderness (e.g. Strydom et al. 2005) , with calcium having an integral role in tenderisation (Hopkins and Thompson 2001) .
Liquid fraction
It could be expected that when muscle experiences a rapid decrease in pH at high temperatures that this would impact on protein functionality, with a reduction in the ability of muscle to retain water (den Hertog-Meischke et al. 1997; Bee et al. 2007 ). There was some evidence to support this contention in the current study as evidenced by an increase in purge in the striploin, but this did not occur in the cube roll section of the LL and drip loss was only impacted by pHu, not the rate of pH decline. A phenomenon like pale, soft exudative meat is not considered common in beef (Shen et al. 2009 ), but has been reported in the hindleg muscles (Aalhus et al. 1998) where presumably the decline in temperature under chilling is much slower. This suggests that the focus should be on these muscles in future studies.
Colour and oxidation
There was an effect of rate of pH decline seen by a stimulation effect on the redness of the displayed meat with some minor advantage from this treatment. There was not however an impact on the ratio (630/580 nm) values, which is an indicator (proxy) of oxidation of metmyglobin (Hunt 1980) . Rate of redness deterioration was faster in meat aged for 42 days than meat aged for 4 days and the significantly shorter display life was consistent with the visual colour scores. If consumer benchmark values for lamb (Khliji et al. 2010) translate to beef then the short aged meat (4 days) was still acceptable after 10 days on display. By comparison, acceptability based on ratio values was for shorter periods of display life especially the 42-day-aged meat compared with acceptability based on redness. The colour of meat is an extremely important factor that influences a consumer's purchase decision as it is deemed a visual measure of freshness and quality (Faustman and Cassens 1990) so the fact that rate of pH decline did not have a detrimental effect on colour is a notable result. Previous reports have found that reflectance data (instrumental) and visual scores for colour were initially better for stimulated meat aged for 6 days and displayed, but by 3 days of display had deteriorated more than non-stimulated meat (Unruh et al. 1986) . Clearly in the LL colour deterioration is not an issue under accelerated rigor conditions as applied in this study.
There was some evidence that lipid oxidation was advanced by a more rapid rate of pH decline, however the reason for this is not obvious apart from a differential effect on oxygen consumption (Faustman et al. 2010) .
Conclusions
An accelerated onset of rigor achieved by electrical stimulation did not have a deleterious effect on shear force or eating quality traits, but accelerated onset of rigor achieved by electrical stimulation did lead to small increases in purge. If anything the increase in pH fall had beneficial effects on meat colour under retail display, but increased the onset of lipid oxidation.
